ABSTRACT OBJECTIVES This study sought to determine updated conversion factors (k-factors) that would enable accurate estimation of radiation effective dose (ED) for coronary computed tomography angiography (CTA) and calcium scoring performed on 12 contemporary scanner models and current clinical cardiac protocols and to compare these methods to the standard chest k-factor of 0.014 mSv$mGy
C ardiac computed tomography (CT)
has experienced tremendous advances in the past decade. Growing evidence supports the role of coronary artery calcium scoring for risk stratification, and some guidelines now recommend it as a reasonable test for asymptomatic adults at intermediate risk (1) . Coronary computed tomography angiography (CTA) has demonstrated high accuracy for diagnosing obstructive coronary artery disease (2) , the ability to improve prognostication (3) , and in some settings, capability to more rapidly and cost-effectively diagnose chest pain in patients (4) . In many clinical contexts, coronary CTA now stands as an option that can be selected to guide optimal patient management and incorporated into clinical pathways (5, 6) .
Each cardiac imaging modality has strengths and weaknesses, and optimizing management requires a weighting of these features for each option in the context of the patient and clinical question. One particular concern for coronary CTA is its associated radiation burden. Although initial studies found high radiation dose and risk (7) , numerous technical advances such as prospectively triggered axial scan modes, lower tube potentials, and iterative image reconstruction now enable, in the best-case scenario, performing coronary CTA with extremely low radiation burden, comparable to that of several chest radiographs (8) . However, such low coronary CTA doses require a confluence of several factors: availability of these technical advances which are not all implemented on entry level scanners, operator expertise, favorable patient heart rate and rhythm and habitus, and willingness to tolerate some image noise and limitation in the number of phases of the cardiac cycle available for interpretation. Thus, although some patients will receive extremely low doses, many will still receive considerably higher doses. Indeed, contemporary coronary CTA practice is characterized by a wide range of radiation doses among laboratories and among patients (9) , and thus the benefit-risk calculus of coronary CTA and its comparison with other modalities may vary depending on the particular radiation dose. In particular, when taking care of patients with chest pain, the physician's choice between coronary CTA and nuclear myocardial perfusion imaging may depend in part on radiation burden. Such comparison is predicated on accurate radiation dosimetry for both examinations.
The single parameter most commonly used to compare ionizing radiation burdens among different imaging modalities, scanners, and protocols is the effective dose (ED), in units of millisieverts (mSv).
Effective dose characterizes whole-body exposure from a nonuniform radiation exposure as a weighted average of organ absorbed doses. It is presently defined in accordance with a formulation specified by the International Commission on Radiological Protection (ICRP) in its Publication 103 (10) as the sum over all specified organs of doubly weighted organ-absorbed doses, where weights reflect both the relative sensitivity of each organ to radiation and the radiation source. Effective dose is not without limitations (11, 12) ; for example, the organ weights are averages for all ages and both sexes, thus precluding a sex-specific ED; and ED is not patient-size dependent. Accordingly, ED is not designed for patient-specific radiation risk assessment. Nevertheless it remains the only metric that can be easily used to compare whole-body radiation exposure across modalities and protocols. This has led to its great popularity in clinical publications and practice. ICRP Publication 103 (10) updated the radiation weighting factors for each organ based By far, the simplest and most commonly used method to estimate ED for CT scans is by multiplying another radiation parameter, the dose-length product (DLP), by a conversion factor, often referred to as the k-factor. Dose-length product, which is limited to CT, is reported on the scanner console after each CT scan and reflects both the intensity of the radiation exposure (in milligray) and the craniocaudal length irradiated (in centimeters). The k-factor that is conventionally used for cardiac scans, 0.014
was introduced in European
Commission guidelines for chest CT scans (14) and later adopted by the American Association of Physicists in Medicine (15) . Using this chest k-factor to estimate ED from cardiac CT has limitations that potentially compromise the accuracy of ED estimates. First, the chest k-factor was never designed for cardiac studies but rather for thoracic CT; second, it is based on the older, now superseded, ICRP 60 definition of ED; and third, it was determined using three single-slice scanners, which technologically, are markedly different from the CT scanners currently in use for cardiac CT. Moreover, the European Commission guidelines document (14) had in fact provided 2 different chest k-factors:
0.019 mSv$mGy À1 $cm À1 (in its Appendix A) and 0.014 mSv$mGy À1 $cm À1 (in its Appendix C).
Thus, updated dosimetric methodology is essential to ensure accurate estimation of ED from cardiac CT.
Heretofore, there has been no systematic attempt to determine k-factors for the diversity of scanner models and protocols used in cardiac CT practice, and the k-factors in published studies covering a limited combination of scanners and modes ( field-effect transistor.
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where the calibration factor, CF, is in units of mGy/mV, and f tissue is a scaling factor which converts dose-in-air to dose-in-tissue at the effective energy E eff of x-rays used and is defined as:
that is, the ratio of the mass energy-absorption coefficient m en =r of the specific tissue to that of air (15) . 
Updated Cardiac CT Radiation Dose Estimation -2 0 1 7 : ---cardiac cycle, most commonly diastasis. Additional were performed with parameters mimicking those typically used clinically for that protocol. In addition to coronary CTA protocols, coronary artery calcium scoring scans were performed for most scanners. A simulator was used to generate the ECG signal ("chicken heart") for all studies. Most scans were performed using a signal simulating normal sinus rhythm at 60 beats/min; in a few cases, where a protocol is Cardiac k-factors for adults reported in the literature by different groups, calculated using either physical dosimetry (various phantoms and dosimeters) or using a computational approach (simulations). These k-factors were for different scanners, scan modes, and parameters as tabulated. *ImPACT ¼ CT patient dosimetry calculator (version 1.0, ImPACT 2009), using NRPB Monte Carlo dose data. †ImPACT ¼ CT patient dosimetry calculator (version 0.9x, ImPACT 2006) using NRPB Monte Carlo dose data. ‡Algorithm based on the Electron Gamma Shower V4 (EGS4) code in combination with low-energy photonscattering expansion that was developed by the National Laboratory for High Energy Physics (Japan). §ImPACT version number was not reported.
CT ¼ computed tomography; ECG ¼ electrocardiography; NRPB ¼ National Radiological Protection Board; Pro ¼ prospectively ECG-triggered volume, 120 kVp; Retro ¼ retrospectively ECG-gated helical, 120 kVp.
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Updated Cardiac CT Radiation Dose Estimation intended for patients with higher heart rates, the simulated heart rate was increased to 80 beats/min. Actual DLP values, as reported on the scanner console, were recorded after each scan performed.
For each combination of scanner and protocol, all
DLPs of repeated scans for both female and male were averaged. Each k-factor was determined as the ratio of the ED to the averaged DLP.
RESULTS
Cardiac k-factors of 12 scanners and 120 cardiac protocols (each protocol incorporating a scan mode, tube potential, and other parameter selections), calculated using the up-to-date (10) definition of ED, are presented in Table 4 . A detailed description of each , a range of 20%. As seen in Online Table 1 , 72% of the k-factors determined had 5% precision at a 95% confidence level, whereas 98% had 10% precision at this level. At a 90% confidence level, 80% of k-factors had 5% precision, and all had 10% precision.
k-Factors based on the older ICRP 60 definition of ED (13) are shown in Online Table 2 , with an average k-factor of 0.021 mSv$mGy À1 cm À1 . Thus, even when the same superseded definition of ED is used, calculation of ED with the chest k-factor of 0.014 mSv$mGy À1 cm À1 underestimates ED by 33% in comparison to using the average cardiac k-factor.
DISCUSSION
The proposed cardiac k-factors determined for 12 contemporary scanners and more than 120 contemporary cardiac CT protocols using the current definition of ED are all greater than the chest k-factor that is widely used to estimate ED from cardiac scans and is incorporated into professional society guidelines (14, 15) . Use of this chest k-factor to estimate ED results in an underestimation of ED by 46% compared with the average cardiac k-factor we determined and by 30 to 60%, depending on the specific scanner and protocol.
Our findings are consistent with recent findings from several other studies, each investigating a limited number of protocols ( we propose that, ideally, a scanner-and protocolspecific factor be used, and if one is not easily available, then we recommend use of our mean (as well as median) k-factor of 0.026 mSv$mGy À1 $cm À1 .
Several factors contribute to this difference be- k-factor for a cardiac scan (22, 23) . Additionally, most vendors of CT scanners used in this study report using different "bow tie" filters for cardiac and chest scans, which is another factor which contributes to the difference between cardiac and chest k-factors.
Another contributor to the difference between our cardiac k-factors and the European chest scan k-factor is the definition of ED used. The older definition resulted, for cardiac scans, in a k-factor that is 21% lower than that in the current ED definition. The primary driver of this difference is the updated tissue weighting factors determining each organ's contribution to the wholebody ED, which are incorporated in ICRP 103 ED definition to better reflect the current state of radiation epidemiological data. In particular, the tissue weighting factor for the breast increased from 0.05 to 0.12. Because the breast is directly irradiated by the x-ray beam in cardiac scans, it has a high organ radiation dose and, together with lung dose, is the main organ contributing to the ED from cardiac CT. Additionally, in the ICRP 103 formulation of ED, the heart is included among the "remainder organs," whereas previously the heart had not been assigned a tissue weighting factor and thus did not contribute to ED. The update in the tissue weighting factors, which is not reflected in the European Commission chest k-factor, is another source for ED underestimation using this factor.
An additional limitation of the European guidelines chest conversion factor of 0.014 mSv$mGy À1 $cm Scanner-and protocol-specific k-factors, in units of mSv$mGy À1 cm À1 , were calculated for cardiac CT using ICRP Publication 103 definition of effective dose, for 12 scanners and 120 scan protocols with standard tube potentials of 80, 100, and 120 kVp. k-Factors here are summarized in 5 categories of axial and helical CT angiography protocol types, and calcium score. Per-scanner averages of the k-factors across all protocol types and energy levels are displayed along with the CV in the 2 right-most columns. Scan length for all scans is 13.3 to 14.2 cm. Heart rate is 60 beats/min for all scans, except where otherwise noted. A detailed description of each protocol here is also provided in Online Tables 1 to 3 .
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